Late Permian coal samples from the Dale Mine, South China, were separated into maceral groups in order to compare the characteristics of "barkinite" with vitrinite, inertinite, and sporinite. The maceral groups were extracted and analysed by GC-MS. The extract residues (kerogen) were analysed by open-system pyrolysis. The results indicate that "barkinite" has geochemical characteristics different from those of vitrinite, inertinite, and sporinite. The significant differences lie in the compound contents obtained by open-system pyrolysis method. The contents of saturated and aromatic compounds from the "barkinite" sample are also different from the vitrinite, inertinite, and sporinite samples, but these differences are observed only in their compound quantities.
I. INTRODUCTION a. Study history of "barkinite"
An unusual coal was named "bark coal" in China. Its dominant maceral was named "barkinite" by the State Bureau of Technical Supervision of the People's Republic China (1991) . This coal was named "Leping Coal" earlier because of its location Leping (Xie, 1933) . Many authors have studied the coal, concentrating on the geological setting and organic petrography (Yan and Li, 1958; Zhu and Zhu, 1979; Tuo, 1980; Han et al., 1983; Ma, 1988; Zhong and Smyth, 1997) . Zhu and Zhu (1979) and Tuo (1980) argued that this maceral is suberinite. After long time study and discussion, most Chinese geologists believe that it is a new maceral, not suberinite, and agree with the definition "barkinite."
"Barkinite" was widely studied because its higher hydrocarbon generation (Liu et al., 1999; Sun, 2002 Sun, , 2003 . Some authors believe that "barkinite" arises from distinct plants Changxing Formation consist of fine sandstone, claystone, limestone, and coal seams that were deposited in a relative flat deltaic environment (Sang and Wang, 1986; Dai et al., 2005b) .
The purpose of this study is to compare the geochemical characteristics of the bitumen and kerogen in "barkinite" with those of other associated macerals by means of extraction followed by chromatography and mass spectrometry and on-line opensystem analytical pyrolysis methods. All analyses were carried out in the laboratory of ICG-4, FZ-Juelich, Germany.
II. EXPERIMENTAL a. Maceral separation
Macerals can be separated by sink-float techniques because their densities vary. However, normal sink-float techniques have had only limited success in separating single macerals. This is mainly because the small particle size (<2 µm) precludes efficient separation in the sink-float process (Sun, 2003) . For maceral separation in this study, the coal samples were ground to <0.08 mm ((200 mesh) . ZnCl 2 was used as flotation material. Small particles were removed with a sieve.
The density of "barkinite" varies from 1.10 to 1.15, inertinite from 1.38 to 1.45 and sporinite from 1.20 to 1.25. Two kilograms of coal samples were processed. The maceral purity was further controlled by microscopic analysis. The processes were repeated several times until the purity of "barkinite" reached a level of 92%. Other 8% macerals are vitrinite (4%), inertinite (2%), and sporinite (2%). The purity of the inertinite is 82%. Other 18% macerals are vitrinite (13%), "barkinite" (3%), and sporinite (2%). The purity of sporinite is only 52%. Other 48% macerals are vitrinite (26%), "barkinite" (7%), and inertinite (15%). The separation of vitrinite macerals was Figure 1 . Location map of the study area completed by hand using a small knife, hammer, and tweezers. Vitrinite purity was also controlled by microscopic analysis, which attained 94%. Other 6% macerals are "barkinite" (2%), inertinite (2%), and sporinite (2%).
b. Solvent extraction and Liquid chromatography
The separated samples were extracted with an azeotropic mixture of chloroform, methanol, and acetone using a modified flow-blending method (Radke et al., 1978) Figure 2. Strata of the coal formations in study area and were subsequently extracted by the Soxhlet for 7 days. Extracts obtained using the flow-blending methods were fractionated into compound classes by liquid chromatography according to a previously described method (Willsch et al., 1997) . The extracts obtained by the Soxhlet method were not separated except for "barkinite" sample. Extract and fraction yields were determined gravimetrically after removal of solvent.
c. Gas chromatography
Free saturated hydrocarbon fractions were analysed using a Hewlett Packard 5890 II gas chromatograph equipped with an on-column injector and a flame ionization detector (FID). A fused silica capillary column (50 m × 0.2 mm i.d.) coated with cross-linked dimethylpolysiloxane (Ultra 1, film thickness 0.33 µm) was used. The oven temperature was programmed from 90 (2-min isothermal) to 310°C (45-min isothermal) at 3°C/min. Hydrogen was used as carrier gas. Yields of individual compounds used for the calculation of hydrocarbon ratios in Table 1 were determined using 5α-androstane as internal standard. The free aromatic hydrocarbons were analysed on a Hewlett Packard 5890 II gas chromatograph, equipped with an on-column injector, an FID and a fused silica capillary column (50 m × 0.2 mm i.d.) coated with crosslinked dimethyl(95%)-diphenyl(5%)-polysiloxane (Ultra 1, film thickness 0.33 µm). Helium was used as carrier gas. The oven temperature was programmed from 90 (4-min isothermal) to 120°C at a rate of 50°C/min and from 120 to 310°C (42-min isothermal) at 3°C/min. All gas chromatography data were processed using Multichrom data system (Fisons). Carboxylic acids were analysed using the same conditions as for the aromatics but with a split/splitless injector (ratio 1 : 6).
d. Gas chromatography-Mass spectrometry
Gas chromatography-Mass spectrometry (GC-MS) analysis was performed on all the free-saturated hydrocarbon fractions and on selected free aromatic fractions. The GC-MS system consisted of a Hewlett Packard 5890 gas chromatograph coupled to a Finnigan MAT 95SQ mass spectrometer (Jin et al., 2001) . The GC was equipped with a temperatureprogrammable injection system (KAS3, Gerstel) and an SGE fused silica capillary column (50 m × 0.25 mm i.d.) coated with BPX-5 (0.22 µm film thickness). Helium was used as carrier gas and the oven temperature was programmed from 110 to 340°C (13-min isothermal) at 3°C/min. The mass spectrometer was operated in the EI mode (70 eV) at a source temperature of 260°C. Hopane and sterane distributions were analysed by multiple reaction monitoring for m/z 370, 384, 398, 412, 426, 440, 454, 468, 482→191, and m/z 358, 372, 386, 400, 414→217 . Selected aromatic and acid fractions were investigated by full scan analysis over a mass range from m/z 50 to 1000 at a scan rate of 1 s (Sun et al., 2004) .
e. Pyrolysis analysis
The pyrolysis method has been described by Horsfield (1997) . After thermal extraction (300°C, 10 min), pyrolysis-gas chromatography (py-gc) was performed on solventextracted coal maceral concentrates by heating from 300°C to 600°C at 50°C/min in a flow of helium, trapping the products using liquid nitrogen, then performing GC analysis. Separation was carried out using a 25 m x 0.32 mm non-polar column (HP-1, 1 µm film thickness) run from -10°C (initial 3 min. isothermal) to 320°C (final hold for 20 min) at 5°C/min, and compounds eluting from the column were analysed using FID. FID responses were quantified with reference to a butane standard by peak area integration (VG Multichrom System software). Boiling range integrations were made above baseline with reference to a blank and include both resolved and unresolved components. Identification of major eluting components was made using internal standards and with reference to published literature. Integration of single compound peaks was made using skimming.
III. RESULTS AND DISCUSSION a. Vitrinite reflectance
Vitrinite reflectance (R o ) was measured on telocollinite present in the samples. The average R r value of the coal samples is 0.65%, indicating it is of high volatile bituminous coal rank. Petrographic composition of original and maceral fractions was reported by Sun (2003) . In original coal samples, the average "barkinite" ratio is 24%, vitrinite ratio is 31%, and inertinite ratio reaches 40%.
b. Extract separation
Saturated hydrocarbons make up 4.7% of the extract yields in the original coal seam sample. The extract yields from "barkinite" are higher than those from inertinite, vitrinite and sporinite (Table 1 ). The highest content of 6.2% is present in the "barkinite" sample, while they are less than 5% in other maceral samples. The highest aromatic fraction content is present in the vitrinite sample (47%), and the lowest value of 26% is present in the inertinite sample. In the "barkinite" sample, it reaches 42% which is similar to vitrinite. The highest content of NSO compounds (ester(ketone) is present in the vitrinite and inertinite samples, with values around 10%, and lowest amount of NSO are in the sporinite sample with a value of 6.5%. In the "barkinite" sample, it reaches 8.3%.
The alcohol content is 4.5% in the "barkinite." This is higher than in the sporinite sample and lower than in the vitrinite sample. The highest content (4.3%) of mediumpolarity compounds is observed in the inertinite, and a lower content occurs in the sporinite and "barkinite." The content of the basic fraction, with a value of 27% in the inertinite sample, is very high, whereas it is lower than 1% in the sporinite and reaches 2.5% in the "barkinite." The highest acid content of 6.1% is in the vitrinite. The values of "barkinite" and sporinite are lower than in the other samples. The greatest content of high-polarity components is in the inertinite sample, whereas the lowest is observed in the "barkinite" sample.
c. Saturated hydrocarbons
The distribution of saturated hydrocarbons is shown in Figure 3 and listed in Table 2 . The most abundant alkanes in the "barkinite" sample are n-C 15 and n-C 17 , but at n-C 19 in the inertinite sample. The n-C 15 , n-C 17 , and n-C 19 components are biomarkers for algae that lived in lagoon or marine environments (Gelpi et al., 1970) . This might indicate that the swamp was influenced by lagoon environments. Generally, n-C 19 Sample name n-C components should not be so high in inertinite maceral. In this study, the inertinite purity is only 82%. N-C 19 components could be from other 18% macerals. All macerals show second peak at n-C 27 and n-C 29 . The later are biomarkers for high plants (Tissot and Welte, 1984) and may indicate a source from high plants.
The content of total identified saturated hydrocarbon compounds from the "barkinite" sample reaches 2170 mg/kg, whereas it is lower than 250 mg/kg in the other maceral samples from the permian coal sample (C409). All Pr/Ph ratios are higher than 5. These values are typical parameters for higher plant of terrestrial. The highest Pr/Ph ratio of 8.19 is observed in the "barkinite" sample. The Carbon preference index (CPI) can be used to obtain a crude estimate of thermal maturity of petroleum. CPI values significantly above (odd preference) or below (even preference) 1 indicate the oil or extract is thermally immature (Peters and Moldowan, 1993) . In this study, the CPI values vary between 2.5 and 3.1% and indicate an immature features. Pr/C 17 and Ph/C 18 are biodegradation parameters (Peters and Moldowan, 1993) . The highest value of Pr/C 17 is present in the extract from the sporinite sample. The differences in the Ph/C 18 ratio are very small in these maceral groups. Obviously they should be similar because they came from a same sample, that is, they were all deposited within the same Eh-Ph conditions. What controls the Ph may be soluble migrated bitumen.
The Ts/(Ts+Tm) ratio is both a maturity-and source-dependent parameter (Moldowan et al., 1986; Kolaczkowska et al., 1990) . In this study, the ratios are around 0.96 for all maceral groups (Table 2b ) and the 22S/(22S+22R) ratios show only slightly different values. The highest value of 0.66 is from the "barkinite" sample, whereas the lowest at 0.56 occurrs in the inertinite sample. The Hop/(Hop+Mor) is another maturity parameter (Seifert and Moldowan, 1980; Peters and Moldowan, 1993) . It reaches 0.81 in the "barkinite" sample; the highest ratio (0.84) is observed in the inertinite, and the lowest value (0.79) in the vitrinite and sporinite samples. The 20S/(20S+20R) ratios (Seifert and Moldowan, 1980) show an inverse relationship with the 22S/(22S+22R) ratios (Table 2 ). The lowest value of 0.4 is for the inertinite sample. The ββ/(ββ+αα) (Seifert and Moldowan, 1980) ratio is slightly higher in the "barkinite" sample (Table 2) . In summary, the differences among the maceral groups in TS/TM and 22S/22S+22R are not large. This may indicate that the macerals are from same plant precursor and were formed under the same conditions. An alternative reason is that the extracts of different macerals have been mixed because of their fluidity.
d. Aromatic hydrocarbons
Aromatic hydrocarbon distributions are shown in Figure 4 and the component abundances are listed in Table 3 . The GC traces from the different maceral fractions show a similar distribution. The only significant differences are in the yields. The total aromatic content in the "barkinite" sample reaches 190 mg/kg, slightly higher than that in the vitrinite, sporinite, and inertinite samples. The highest phenanthrene content (33 mg/kg) is observed in the inertinite follewed by "barkinite" (19 mg/kg), vitrinite, and sporinite are similar decreasing from 18 to 16 mg/kg, respectively. The highest methylphenanthrene content (64 mg/kg) is also present in the inertinite sample and its variation is like that of phenanthrene in these maceral samples. The highest naphthalene content is in the inertinite sample, whereas the highest values of C 2 -naphthalenes and C 1 -naphthalenes are observed in the "barkinite" sample. Methylphenanthrene index (MPI 1) is a maturity parameter (Peters and Moldowan, 1993) . Different maceral fractions show some variation in MPI-1 values (0.65-0.72). The lowest MPI-1 values are present in the vitrinite and sporinite. However, their differences are small and no significant.
e. Pyrolysis products
Although the maceral groups were physically separated before the organic geochemistry analyses, the extracts could represent a mixture from different macerals because of migration of the extractable organic matter. In order to address this problem, open-system pyrolysis was conducted on the extract portion of the maceral samples. The samples were extracted for seven days in order to remove all the extractable organic matter. Boiling ranges and compound classes (Table 4a) , individual alkenes and alkanes (Table 4b ) and aromatic hydrocarbons and alkylphenols (Table 4c) were quantified.
The pyGC trace for the "barkinite" sample ( Figure 5 ) is dominated by resolved components in the lower molecular weight range and by unresolved compounds thereafter. Normal alkenes and alkanes elute as readily identifiable doublets up to C 28 . Alkylbenzenes, alkylnaphthalenes, and alkylphenols also make strong contributions. All of the aforementioned compound classes are also seen in pyrolysates of vitrinite, sporinite, and inertinite from the same coal, but proportions vary. "Barkinite" gave the highest pyrolysis yield overall (330 mg/g TOC). Among them unresolved C 15 + compounds reach 230 mg/g TOC. The former is consistent with earlier findings from Rock-Eval pyrolysis (Liu et al., 1999) . Concerning the latter, a strong dominance of high boiling range components in pyrolysates is usually associated with liptinite macerals and is most pronounced for resinites and alginites (Larter et al., 1977; Bailey, 1981) . The yield of C 6 + n-hydrocarbons, 35 mg/g TOC, is 2.5-4 times greater than in pyrolysates of the other macerals (Table 4a ). On the other hand, alkylphenols and aromatic hydrocarbons are generated in about the same yield for "barkinite", vitrinite, sporinite, and inertinite (5-8 mg/g TOC). The ternary diagram of Larter (1984) shows that the relative concentrations of aliphatic, aromatic, and phenolic constituents in all the macerals lie within the field for type III kerogens, but that "barkinite" is closest to the adjacent field for type I and II kerogens (Figure 6 ). Sporinite should also close to the field for type I and II kerogens, but it is not in this study. The reason may be that the sporinite is not pure (only 52%) and mixed with vitrinite and inertinite. Implications from the ratio m+p-xylene/n-octene are the same (Larter, 1984) . The alkylbenzenes, alkylnaphthalenes, and alkylphenols originate from the pyrolytic degradation of lignin, sporopollenin, and polycarboxylic acids (Stout and Boon, 1994) . Coals of increasing rank yield pyrolysates that are progressively enriched in total and low molecular weight aromatic compounds (Romovacek and Kubat, 1968; McHugh et al., 1976) , reflecting the aromatization of the coal macromolecule. Contemporaneously, there is a decrease in phenolic structures associated with the loss of oxygenated species during catagenesis so that phenolic oxygen is essentially absent from coals of low-volatile bituminous rank . Typing of kerogens according to the relative abundance of n-octene, m+p-xylenes and phenol (Larter, 1984) .
( Van Graas et al., 1981; Senftlé et al., 1986) . The high-phenol content reported here is consistent with the high-volatile bituminous rank of the coal. The chain length distribution of n-alkyl moieties in "barkinite" kerogen is shown in Figure 7 . Unlike sporinite and vitrinite whose pyrolysates are dominated by short chain (C 1 -C 5 ) compounds, "barkinite" has a relatively high proportion of n-alkenes and alkanes with intermediate (C 6 -C 14 ) chain length. In fact, its composition falls in the same part of the ternary diagram as many marine type II and type IIS kerogens (Horsfield, 1989; di Primio and Horsfield, 1996) . The position of "barkinite" on the diagram falls well away from kerogens deposited in lacustrine environments (often type I composition), these usually being enriched in long chain homologues (Horsfield et al., 1994; Sachsenhofer et al., 1996) . There is strong evidence from the empirical relationship between the chain length distribution of n-alkenes and n-alkanes in high temperature pyrolysates and the distributions of n-alkanes in genetically related crude oils to suggest that n-alkane-forming scission reactions are essentially the same as those in nature (Horsfield, 1989) . Thus, the source kerogens of high wax oils have a high proportion of long chain n-alkenes and -anes in their pyrolysates, whereas major sources of gas are characterised by very short average n-alkyl chain length. Intermediate chain lengths characterise anoxic marine shales which generate low wax crude oils in nature. Accordingly, vitrinite and sporinite are predicted to generate mainly gas and condensate whereas "barkinite" has a higher capacity for generating petroleum liquids.
IV. CONCLUSIONS
Results indicate that the geochemical characteristics of "barkinite" are different from those of vitrinite, sporinite, and inertinite. "barkinite" gave higher pyrolysis yield. The major . Chain length distribution in pyrolysis products and petroleum type prediction (Horsfield, 1989) .
difference reported here lies in the aliphaticity of its macromolecular constituents, there being a very high abundance of aliphatic moieties relative to those precursors generating alkylphenols and aromatic hydrocarbons on pyrolysis. The average chain length distribution is relatively short, thereby differentiating it from the liptinite maceral alginite from lacustrine environments.
